The purification and properties of an ultraviolet (UV) repair endonuclease are described. The enzyme is induced by infection of cells of Escherichia coli with phage T4 and is missing from extracts of cells infected with the UV-sensitive and excision-defective mutant T4V1. The enzyme attacks UV-irradiated deoxyribonucleic acid (DNA) containing either hydroxymethylcytosine or cytosine, but does not affect native DNA. The specific substrate in UV-irradiated DNA appears to be pyrimidine dimer sites. The purified enzyme alone does not excise pyrimidine dimers from UV-irradiated DNA. However, dimer excision does occur in the presence of the purified endonuclease plus crude extract of cells infected with the mutant T4V1.
terium. Phage T7 was obtained from J. Wohlheiter.
Preparation of DNA. 3H-labeled and nonradioactive T4 and T7 DNA was prepared by phenol extraction from phage grown on E. coli B-3 (II). 3H-labeled E. coli DNA was prepared by the procedure of Thomas et al. (18) . UV irradiation of DNA was carried out using a low-pressure mercury vapor UV germicidal lamp. DNA samples with various dimer contents were prepared by UV proflavine (16) . DNA containing 0.5% thymine dimers was prepared by irradiating 5H-labeled DNA E. coli (62 ug/ml) at 105 ergs/mm2 in the presence of proflavine at a molar ratio of proflavine-DNA-P of 1:3. DNA containing 1.9% dimers was prepared by preirradiation at 5 x 104 ergs/mm2 followed by further irradiation at 5 x 10' ergs/mm2 in the presence of proflavine. DNA species containing 3.9% and 5.4% dimers were prepared by irradiation at 5 x 104 and 106 ergs/ mm2, respectively, after which proflavine was added to the DNA. All DNA-proflavine samples were dialyzed extensively after irradiation to remove the dye.
Sedimentation velocity of DNA. Sedimentation velocity was measured in density gradients of 5 to 20% sucrose at pH 7.0 and containing 1.0 N NaCI for neutral gradients and 0.8 N NaCI-0.2 N NaOH for alkaline gradients. Generally, 0.25 to 0.5 .tg of 3H-labeled DNA in 0.05 ml was layered onto each gradient. Centrifugation was in a Spinco type T56 rotor at 32,000 rev/min for 180 min (T4 DNA) or 35,000 rev/min for 410 min (T7 DNA) at 20 C. Ten-drop fractions were collected and 1.0 ml of NCS reagent (Amersham Searle Co.) was added. Radioactivity was measured in a liquid scintillation spectrometer.
Calculation of single-and double-strand breaks. Single-and double-strand DNA breaks were measured by using the nomogram constucted by Litwin, Shahn, and Kozinski (10) .
Analytical disc gel electrophoresis. Stacking gel consisted of 2.5% acrylamide, 0.65% N,N2-methylene bisacrylamide in tris(hydroxymethyl)aminomethane (Tris)-HJP04 buffer (pH 9.65 Dextran-polyethyleneglycol fractionation: (fraction 2). To 93.0 ml of crude extract, 3 .720 g of Dextran T 500 (40 mg/ml) and 5.580 g of polyethyleneglycol 6000 (60 mg/ml) were added in the cold. The mixture was stirred gently until complete solution was obtained. After centrifugation at 7,000 x g, the top clear phase was decanted and saved. This fraction was dialyzed against three changes (each of 2 liters) of 50 mM Tris (pH 8.0) with 3% polyethyleneglycol. DEAE cellulose chromatography: (fraction 3). Fraction 2 (75.0 ml) was applied to a diethylaminoethyl (DEAE) cellulose column (20.0 by 2.5 cm) equilibrated in 50 mM Tris (pH 8.0) with 3% polyethyleneglycol. Elution was carried out with the equilibrating buffer. Enzyme activity was recovered in the void volume of the column. The pooled enzyme fraction was dialyzed against 50 mM phosphate buffer (pH 7.0) with 3% polyethyleneglycol.
Phosphocellulose chromatography: (fraction 4). A column (20 by 2.5 cm) was packed with phosphocellulose equilibrated with 50 mM phosphate buffer (pH 7.0) with 3% polyethyleneglycol, and 80.0 ml of fraction 3 was applied to the column. Elution was carried out with a linear gradient of 0.05 to 0.5 M phosphate at pH 7.0 with 3% polyethyleneglycol. A total of I liter of buffer was used for elution. Fractions (9.0 ml) were collected. Fractions containing UV endonuclease activity were pooled and dialyzed against 50 mM phosphate buffer (pH 7.0) with 3% polyethyleneglycol. The enzyme was eluted at about 0.4 M phosphate.
DNA cellulose chromatography: (fraction 5). Dry T4 DNA-cellulose powder was equilibrated in 50 mM phosphate buffer (pH 7.0). A column (5.0 by 3.0 cm) was prepared, and 180.0 ml of fraction 4 was applied. Elution was carried out in 250 ml of 50 mM phosphate buffer (pH 7.0) containing a linear gradient of 0 to 1.5 M NaCI. Fractions (4.0 ml) were collected into tubes containing 25 ,g of calf thymus DNA per ml. Fractions were assayed, and those containing endonuclease activity were pooled and dialyzed against 50 mM Tris (pH 8.0). The purified enzyme was stored in the presence of calf thymus DNA at 4 C.
RESULTS
Assay conditions. Figure 1 shows The endonuclease is induced early after infection of sensitive cells with bacteriophage T4. The activity, initially detected in crude extracts 2 min postinfection, continues to increase for at least 20 min after infection (Fig. 4) reveals an S value of 3.0 when using E. coli alkaline phosphatase as a marker.
Dimer specificity of the endonuclease. An attempt has been made to demonstrate the pyrimidine dimer specificity of the endonuclease by two experiments. (i) A comparison was made of the relative rates of degradation of DNA samples irradiated with the same dose of UV light but containing different amounts of dimer. By irradiating DNA at 105 ergs/mm2 in the presence and absence of proflavine (which blocks dimer formation; 16), DNA samples were prepared containing 0.5 and 6.5% thymine dimers, respectively. Although both samples were degraded at equal rates by extracts of uninfected cells, cells infected with wild-type phage degraded the DNA of higher dimer content at a faster rate (Fig. 5) . The amount of acid-soluble nucleotide product formed during 10 min of incubation of crude extract from T4-infected cells with a series of DNA (ii) The observed relation between the kinetics of degradation of UV-irradiated DNA and the dimer content was examined in greater detail by using purified endonuclease and lightly irradiated DNA. T4 and T7 DNA were irradiated at doses between 20 and 350 ergs/mm2 and incubated with enzyme under conditions that resulted in complete reaction; i.e., no further degradation of DNA was observed with the addition of more enzyme or with longer incubation. In both instances, the measured number of single-strand breaks showed a linear relationship to the UV dose (Fig. 6) . Furthermore, the number of singlestrand breaks observed at any given dose closely approximated the number of dimers calculated for that dose (Table 2) .
Single-and double-strand breaks. Figure 7 shows the sedimentation profile of both T4 and T7 DNA treated with enzyme and sedimented in neutral and alkaline sucrose density gradients. It is clear that the endonuclease makes predominantly single-strand breaks in UV-irradiated DNA. However, in both substrates, some double-strand breakage is observed. The ratio of single to double strand breaks is approximately 20:1 for both T4 and T7 UV-irradiated DNA. In vitro dimer excision. Incubation of UV-irradiated T4 DNA with the purified endonuclease did not result in a reduction of the dimer content of the acid-insoluble fraction of the DNA (Table   3, UV-irradiated DNA endonucleolytically since it causes a reduction in the sedimentation velocity of the DNA without the formation of acid-soluble nucleotide. Degradation of UV-irradiated DNA occurs predominantly by single-strand breakage. The endonuclease is a relatively small protein with an S value of about 3.0 and does not require added divalent cation for activity. It, thus, very closely resembles the endonuclease isolated from M. luteus which appears to play a role in the dark repair of UV-irradiated damage to DNA in that organism (2, 7).
The endonuclease is not specific for DNA containing glucosyl groups and hydroxymethylcytosine since it degrades E. coli and T7 DNA in addition to T4 DNA. This observation supports the demonstration by Harm of V-gene reactivation of UV-irradiated mutants of E. coli defective in dark repair (5) . Unirradiated DNA is not affected by the enzyme.
Varying the dimer content of DNA without altering the total dose of UV irradiation results in a corresponding variation in the rate of degradation of the DNA by the endonuclease. More significantly, over a series of different UV doses, all endonucleolytic phosphodiester scission observed can be quantitatively accounted for by dimers alone, in both T4 and T7 DNA. It is possible that UV-irradiated DNA contains other as yet unidentified photoproducts, the concentration of which are also affected by irradiation in the presence of proflavine. Nonetheless, the results of both experiments are consistent with the view that the endonuclease is specific for pyrimidine dimers in DNA. Patrick (12) demonstrated that the UV endonuclease from M. luteus is also apparently dimer specific. He showed that the kinetics of activity of the endonuclease are essentially identical between DNA irradiated in the presence of acetophenone (which contains only thymine dimers as photoproducts) and DNA irradiated directly.
Our observations that the T4-induced endonuclease is (i) defective in extracts of cells infected with a UV-sensitive mutant, (ii) degrades UVirradiated and not native DNA, and (iii) is specific for dimers in UV-irradiated DNA suggest very strongly that it is indeed the endonuclease involved in the dark repair of UV radiation damage in T4-infected cells.
The genetics of dark repair in E. coli (6) and the results of in vitro experiments with purified proteins from M. luteus (7) suggest that pyrimidine dimer excision is a multienzyme process. The results of experiments shown in Table 3 demonstrate that the purified T4 endonuclease does not cause dimer excision in vitro. However, preincubation of UV-irradiated DNA with endonuclease, followed by the addition of crude extract of T4V1-infected cells, reduces the dimer content of the acid-soluble fraction of the DNA. These results suggest that other as yet unidentified enzymes are required to complete dimer excision. The question as to whether these are phage-induced or are preexisting host enzymes is currently being studied.
